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ABSTRACT: We elaborate a semi-analytical model for
calculation of the bulk internal emission of photoelectrons
from metal nanoparticles into a semiconductor matrix. We
introduce important effects in the model as the jump of the
effective electron mass at the metal−semiconductor interface
and cooling of the hot electrons because of electron−electron
and electron−nanoparticle surface collisions in the metal. We
study the interplay between the plasmonic electric dipole and
quadrupole resonances and reveal the optimum parameters for
different geometrical shapes of nanoparticles with respect to
the photoemission cross section. We find that the absorption
cross section well-predicts the optimum size of the dipolar nanoparticle. This opens the possibility for the fast optimization and
design of the photoelectric devices.

1. INTRODUCTION

Generation of hot electrons in plasmonic nanoantennas, that is,
in nanometer-sized metal particles, with subsequent emission of
the hot electrons into the surrounding semiconductor matrix
attracts growing interest because of its potential applications in
photochemistry and photocatalysis, light harvesting (solar cells
and nano-photodetectors), and optoelectronics.1−5

Resonant electron photoemission from nanoantennas occurs
under the excitation of “localized surface plasmon resonances”
(LSPR) of collective oscillations of the electron density in
metal nanoantennas by external quasi-monochromatic electro-
magnetic field with a carrier frequency equal to LSPR
frequency. With the excitation of LSPR, a significant increase
of the electromagnetic field inside nanoantennas and, as a
consequence, enhanced absorption of electromagnetic energy
by electrons of metal occur. If the energy of hot electrons,
generated upon absorption, is sufficient for overcoming of the
potential barrier at the matrix−nanoantenna interface, then the
LSPR excitation is accompanied by a resonant increase in
photoemission. Because LSPR depends strongly on shape and
size of nanoparticles, the resonant photoemission also depends
on these characteristics of nanoantennas. Note that LSPR in
large nanoparticles can be broadened because of the radiative
losses,6 whereas in small nanoantennas the resonance is
broadened because of electron collisions with nanoparticle
boundary.7,8

It is well-known that the surface and volume photoelectric
effects can occur in plasmonic nanoantennas.3,9 Surface
photoelectric effect is characterized by absorption of photons
by electrons at their collision with the interface between the

nanoparticle and the surrounding medium. If electrons, during
collision, receive enough energy from photons to overcome the
potential barrier at the interface, they are emitted from the
metal. In bulk photoeffect, electrons absorb quanta of
electromagnetic field oscillations inside the nanoparticle at
their collisions with phonons or defects of the metal crystal
lattice. Then, the hot electrons move to the boundary and
either overcome the barrier at the boundary or reflect back into
the volume of the nanoparticle (see Figure 2). On the way to
the boundary, the hot electron cools down at collisions with
cold electrons of the metal, phonons, and so on. The cooling of
the hot electrons is characterized by the mean free path
length,10 which, as well as LSPR, depends on the nanoantenna
size and shape. Tamm and Schubin in ref 11 indicated that the
surface photoemission can be stronger than the volume one.
On the basis of this result, we developed the theory of electron
photoemission from plasmonic nanoantennas for the surface
mechanism first (see ref 9). Later (in ref 3), we compared
surface and volume photoeffects from metallic nanospheres
into the surrounding semiconductor and found the regime,
when the volume photoeffect dominates. This explains our
motivation and interest to the volume mechanism of photo-
emission from nanoantennas in addition to surface photo-
emission.
One should note that very recently it was demonstrated

experimentally12,13 that surface photoeffect (named “coherent
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photoemission” in ref 12) can be enhanced substantially by
special resonant states at the metal−semiconductor interface.
These results are very important for further development of the
surface photoeffect and nanoantennas as sources of hot
electrons, but their consideration is outside of the scope of
present paper.
In this paper, we study the bulk photoemission. In particular,

we calculate (1) internal quantum efficiency (IQE) of the
photoemission and (2) photoemission cross section (PCS).
One should note that in ref 4, we restricted ourselves with
calculations of only IQE for nanostructures of the simplest
shapes (flat thin film, nanowire, and nanosphere) and did not
study plasmonic resonance properties of nanostructures. Here,
we also consider PCS that characterizes “external quantum
efficiency” and properly reveals plasmonic nanoantenna
properties. In section 2, we present theoretical background of
bulk photoemission for plasmonic nanoparticles of arbitrary
shape following the approach of refs3,4,9,10 and introduce
formulas for the IQE and PCS of a nanoparticle. In section 3,
we present computational tools (software) used in our
calculations and display the set of parameters employed in
our model. Section 4 describes calculations of IQE and PCS for
examples of nanoparticles in a homogeneous semiconductor
medium: for spheroidal particles with various aspect ratios and
for truncated cones with various conicity parameters and sizes.
The results and the outlook for further research are discussed in
Conclusions.

2. THEORY

2.1. Basic Characteristics of the Photoemission. We
consider a single metal nanoparticle with the complex
permittivity εi(ω) = εi′(ω) + iεi″(ω) of the metal, embedded
into a semiconductor matrix with real-valued permittivity, εe
(see Figure 1). The nanoparticle is illuminated by a plane
electromagnetic wave of the angular frequency ω and amplitude
E0. The illumination induces the field of the amplitude Ei(r)
inside the nanoparticle, and this field is partially absorbed by
electrons of the metal. The absorption is characterized by the
absorption cross section3,6

∫σ λ π
λ

ε
=

″
| |−E E r

n
r( )

2
( ) d

V
abs

i

e
0

2
i
2 3

n (1)

where c is the speed of light in vacuum, λ = 2πc/ω, and
ε=ne e is the refractive index of the matrix. Integration in eq

1 is performed over the nanoparticle volume Vn.
Absorption of the electromagnetic energy leads to generation

of hot electrons inside the nanoparticle, and such hot electrons
(photoelectrons) can be emitted from the nanoparticle. The
electron photoemission is characterized by the PCS σphe
defined as a ratio of the emission rate of photoelectrons from
the nanoparticle to the flux of photons of the external field
incident on the nanoparticle. Introducing the “local internal
quantum efficiency of photoemission (LIQE)” ηi

local(r) as the
probability of generation of hot electrons at the point r of the
nanoparticle, σphe can be written as3,4
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Then, the quantum efficiency of photoemission from the
nanoparticle reads

η σ λ σ λ= ( )/ ( )i phe abs (3)

Below, we calculate the LIQE ηi
local(r) and the PCS σphe(λ).

2.2. Model of Photoemission. We follow the approach of
ref 10 and take into account the scattering of photoelectrons on
imperfections in the nanoparticle. The model of ref 10 allows
us to obtain analytical expressions for IQE and is based on the
four assumptions (see Figures 2 and 3).

1) Electron−phonon scattering is elastic. In fact, electron
energy loss in a single collision with a phonon is about
10−3 eV, while the mean free path of electrons in
electron−phonon collisions is estimated as 50 nm for
gold and silver.14 This means that the losses of hot
photoelectrons are no more than tenths of a percent of
the initial hot electron energy on the way from the point

Figure 1. Metal nanoparticle in a semiconductor matrix illuminated by
resonant light. The incident light, plane wave with an electric field
amplitude E0 and wave vector k, induces electric field Ei inside the
nanoparticle. εi and εe are the dielectric permittivities of metal and
semiconductor, respectively.

Figure 2. Scheme of the bulk photoemission process (band diagram):
1photoexcitation of hot electrons of the metal at the collisions with
phonons or with lattice defects (the transition is from the occupied
energy states in the conduction band to the unoccupied states above
the Fermi level EF); 2hot electron transport in the metal; 3
interaction of hot electrons with a Schottky barrier (passing through
the barrier or reflection from it). Ev and Ec are the energies of the top
of the valence band and of the bottom of the conduction band of the
semiconductor far from the interface, respectively. Curves Ec(x)
marked by A and B show the Schottky barrier taken without (A) and
with (B) the image forces. W is the work function at the metal−
semiconductor interface.
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of the hot electron generation to the nanoparticle
boundary. Such losses can be neglected for nanoparticles
with typical dimensions (as a diameter for a sphere) less
than 100 nm.

2) In the first event of hot−“cold” electron scattering, a
photoelectron loses approximately half of its excess
(relative to the Fermi level) energy.14 After that the hot
electron is not able to overcome the potential barrier at
the metal−semiconductor interface. Therefore, the only
hot electron having no collisions with “cold” electrons on
its way to the boundary can be emitted. Thus, we can
treat a photoelectron’s path to the boundary as a segment
of a straight line. In this case, the probability of reaching
the boundary without electron−electron collisions is
exp(−L/le), where L is the distance from the point of
generation of the hot electron to the point of its collision
with the boundary and le is the mean free path of
electron−electron scattering.

3) Strictly speaking, the length le depends on hot electron’s
energy ΔEf over the Fermi level, that is, le = le(ΔEf) (see
refs 15 and 16). However, this dependence can be
neglected in calculations, when a relatively narrow range
of photon energies near the long-wavelength limit is
considered. For instance, the mean free path le for gold
changes from ∼40 to ∼42 nm for the range of hot
electron energies 1 eV ≤ ΔEf ≤ 2eV (see ref 16).
Therefore, we take the constant value le = 41 nm in our
calculations.

4) Multiple reflections of the hot electrons from the
boundary are neglected.

With the assumptions (1−4), the probability for a photo-
electron created at the point r of the nanoparticle to cross the
interface reads

α= −r k r e r eP D E k L l( , ) ( ( ), ( , )) exp( ( , )/ )em k k e (4)

where k is electron’s wave vector, D is the transmission
coefficient for the potential barrier at the interface, α is the
incident angle of the photoelectron, and ek = k/|k| is the unit
vector along k.
Then, if we neglect the thermal excitation of electrons, we

can write LIQE as
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where ρ(k) is the density of electron energy states in k-space.
We assume that the dispersion relation for electrons in metal

is parabolic (E ∝ k2) and ρ(k) ∝ 1/4π3, where k belongs to the
spherical layer kF < k < kℏω of the volume

π= −ωℏV k k4 ( )/3k
3

F
3

with ℏ =k mE2F F and ωℏ = + ℏωℏk m E2 ( )F .
The cooling of hot electrons can be modeled quite precisely

within the Monte Carlo method14 but it is very computationally
demanding. Because of that, several approximate methods have
been developed.3,10,17,18 Our model taken from ref 10 is fast
and simple. This model has been already employed for
numerical and analytical calculations in ref 4.
Now, we discuss the model for calculation of the trans-

mission coefficient D of the potential barrier. We exploit the
approximation of local flatness of the metal−semiconductor
interface. It is valid, when electron’s de Broglie wavelength is
much smaller than the radius of curvature of the nanoparticle
surface at the point of electron’s photoemission. We use the
assumption of specular reflection of electrons from the
boundary, commonly adopted in the theory of the photo-
electric effect,19 when the wave vector of the reflected electron
lies in the plane of the incidence and angles of reflection and
incidence are equal.
There are various involved approximations for calculations of

potential barriers on the metal−semiconductor boundary (e.g.,
image forces can be taken into account as in ref 20). Here, we
use simple approximation that the barrier shape is a rectangular
potential step. As a benefit for exploiting this approximation,
one can easily find the exact quantum-mechanical expression
for the probability of electron passage through the barrier, when
the jump of the effective electron mass at the interface is taken
into account.
Detailed calculation of the transmission coefficient of the

potential barrier has been performed in refs 20 and 21. Here,
we approximate the barrier with a rectangular potential step of
the height equal to the work function from the metal into the
semiconductor (W in Figure 2). Then, we can use the well-
known quantum-mechanical expression for the transmission
coefficient and take into account the jump of the effective
electron mass at the interface. This jump is important, because
the effective masses of electrons in the metal and semi-
conductor may differ more than in an order of magnitude. For
example, m/m* is about 4 for Au/Si and about 15 for the Au−
GaAs interface,22 where m and m* are the effective masses of
electrons in the metal and semiconductor matrix, respectively.
The jump in effective masses significantly affects the effective
barrier height and consequently the quantum yield of the
photoemission.23,24

Thus, we take the transmission coefficient is as in ref 4
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where Eρ = E sin2 α, Ez = E cos2 α, E = ℏ2k2/2m, rm = m/m*,
and Uρ = W + (rm − 1)Eρ.
Our model for the dielectric permittivity εeff of metallic

nanoparticles takes into account the broadening of plasmonic
resonances because of electron collisions with the nanoparticle
boundary8

ε ω ε ω ε ω= + Δ ″( ) ( ) i ( )eff i surf (6)

where εi is the bulk permittivity of the metal and Δεsurf″ is a
correction to the imaginary part of the bulk permittivity caused
by collisions of electrons with the nanoparticle surface. Δεsurf″
depends on the frequency and polarization of the incident light,

Figure 3. Illustration of propagation of a hot electron in a
nanoparticle.
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as well as on the shape of the nanoparticle. We calculate Δεsurf″
for the truncated cone nanoparticle (in particular, for the
cylinder nanoparticle) following the procedure described in ref
8 for spheroidal nanoparticles. In ref 8, the shape of a
nanoparticle is characterized by the shape parameter

=F L S V/shape c (7)

where S, V, and Lc are the nanoparticle surface area, volume,
and characteristic size, respectively. For a spheroidal nano-
particle, Lc is a length of the spheroid semiaxis perpendicular to
its rotation axis (Lc = b, see the inset in Figure 4), then Fshape, as

well as Δεsurf″ , depends only on the spheroid aspect ratio ζsph =
a/b, where a is the length of the spheroid semiaxis parallel to its
rotation axis. Here, eq 7 for Fshape is used also for the truncated
cone, with Lc to be the radius of the larger cone base (or any
base of the cylinder). Taking such Fshape ≡ Fshape

cone , we find the
effective aspect ratio for the truncated cone nanoparticle.
To calculate Δεsurf″ , we use the equation

ς =F F( )shape
spheroid

sph shape
cone

where Fshape
spheroid(ςsph) is determined by eq 32 in ref 8 (1/ςsph is

designated there as rasp). Then, by inserting ςsph into eq 28 in
ref 8, we find Δεsurf″ (ςsph).

3. COMPUTATIONAL DETAILS
For numerical calculations, we use Mathcad, MATLAB, and
MNPBEM25 software packages. MNPBEM package, being a
toolbox of MATLAB, allows us to calculate the electric field
distribution inside the nanoparticles [quantity Ei

2 in eqs 2 and
3] and then the absorption σabs and photoemission σphe cross
sections. Spatial distribution of the electric field in the
nanoparticle is exploited by the Mathcad software to perform
numerical integration. Thus, characteristics of the nanoparticles
can be computed: IQE, absorption cross section, and PCS. The
full set of parameters employed in our model includes

• EF, the Fermi level of the metal;

• W, the work function of escape from the metal into the
semiconductor;

• le, the hot-electron cooling length;
• rm = m/m*, the ratio of the effective masses of an

electron in the metal (m) and semiconductor matrix
(m*);

• ne, the semiconductor matrix refractive index;
• εi(λ), the nanoparticle metal permittivity;
• D, the diameter of the sphere;
• a and b, the semiaxes of spheroidal nanoparticle (we also

use parameter ζsph = a/b, see below);
• Dcyl and Hcyl, the diameter and height of the cylinder,

respectively;
• R1, R2, and H, the geometrical parameters of the

truncated cone: radii of smaller and bigger bases and
height of the nanoparticle, respectively (also, we use
parameter ζ = 1 − R1/R2, see below);

• σgeom, the geometric cross section of a nanoparticle: πD2/
4, πDcyl

2/4, and πR2
2 for the sphere, cylinder, and

truncated cone, respectively.

The calculations are carried out for the gold nanoparticles
embedded in the homogeneous GaAs matrix. Unless otherwise
specified (in some cases, the parameters take different values to
show the influence of particular factor), the model parameters
are equal to3,4 EF = 5.51 eV, W = 0.8 eV, le = 41 nm, m = 1, m*
= 0.067, and ne = 3.6. Geometric parameters are specified in the
text below.
Electric field distribution is calculated using the numerical

solution of the full Maxwell equations (“retarded” mode of
MNPBEM). The permittivity of Au was taken from ref 26.

4. DEPENDENCE OF THE PHOTOEMISSION ON THE
SHAPE OF NANOPARTICLES
4.1. Spheroidal Nanoparticle. Uniform distribution of the

electric field inside a small spheroidal nanoparticle can be found
in the quasistatic limit.8 As one can see from eqs 2 and 3, the
PCS in this case is4

σ σ η=phe abs i (8)

The IQE ηi of the spheroid is a function of its aspect ratio
ζsph. Aspect ratio ζsph = 1 corresponds to a sphere (here
sphere’s diameter is 50 nm), at ςsph → 0 the spheroid is
transformed to a flat film (of the thickness 50 nm), whereas at
ςsph → +∞ one obtains a nanowire (infinite cylinder) of
diameter 50 nm.
We numerically calculate the IQE in a wide range of the

values of ζsph. Correctness of numerical calculations is
confirmed by their correspondence to the analytical results at
ζsph → 0, ζsph = 1, and ζsph → +∞. As it is shown in Figure 4,
the IQEs for a sphere, cylinder, and two-sided flat film with the
same characteristic dimensions relate to each other approx-
imately as 3:2:1. This ratio slightly (with 20% deviations)
depends on parameters of the model.
As an illustration of the role of electron cooling, we depict

the curves 1, 2, and 3 in Figure 4 for various hot-electron
cooling lengths le = ∞, 41, and 20 nm, respectively. Scattering
processes characterized by the realistic le = 41 nm reduces the
IQE by a factor of about 1.5. Curves 2, 4, 5, and 6 demonstrate
the dependence of ηi on the difference between the electron
masses in the metal and semiconductor. The ratios of the
masses for curves 2, 4, 5, and 6 are rm = 1, rm = 2, rm = 10, and
rm = 15, respectively. According to Figure 4 the IQE decreases

Figure 4. IQE for a spheroidal nanoparticle as a function of its aspect
ratio ςsph. The nanoparticle at ςsph = 0 is a sphere of 50 nm diameter; a
→ ∞ and b = 25 nm at ςsph → ∞; a = 25 nm and b → ∞ at ςsph → 0.
The vacuum wavelength of light, illuminating the nanostructure, is
1000 nm. The wave vector and polarization of the incident
electromagnetic wave are shown in insets. The curves 1−6 are
calculated for the Au−GaAs pair for different values of le and rm: 1le
= ∞, rm = 1; 2le = 41 nm, rm = 1; 3le = 20 nm, rm = 1; 4le = 41
nm, rm = 2; 5le = 41 nm, rm = 10; 6le = 41 nm, rm = 15 (case of
Au−GaAs barrier). Curve 7 is calculated for the Au−Si pair.
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by a factor of about 100, when rm increases from 1 to 15. Thus,
it is utterly necessary to take into account the jump of the
effective electron mass at the metal−semiconductor interface in
calculations of the IQE of metallic nanoparticles.
Despite the fact that we have chosen GaAs as the matrix, we

cannot ignore silicon as the most popular material for inorganic
photovoltaics. The work function of electron’s escape from Au
into p-type Si equals W = 0.34 eV; the ratio of the effective
masses of an electron in the metal and semiconductor matrices
rm ≈ 4 (see ref 9). As it can be seen from Figure 4, the IQE of
the sphere for Au−Si system approximately (within 15%)
corresponds to the IQE of the Au−GaAs system, if the jump of
the effective electron mass in Au−GaAs is not taken into
account (compare the curves 2 and 7). If the jump is taken into
account, then the Au−Si system turns out to be about 50 times
(in average) more effective than the Au−GaAs one (compare
the curves 6 and 7).
Our calculations confirm that the spheroid optimal for

photoemission is a sphere. The question about the optimum
diameter of the sphere at fixed material parameters for the
nanoparticle and matrix is more complicated. Below, we
optimize the photoemission and absorption cross sections
normalized to the geometric nanoparticle cross section
considering step by step all stages of the photoemission. The
first stage is the absorption of a photon. Obviously, the
optimized photoemission must be at maximum of the
normalized absorption cross section.
Figures 5a,b shows the evolution of the frequency depend-

ence of the normalized absorption cross section with increase of
sphere’s diameter. Results for rather small dipolar spherical
nanoparticles are presented in Figure 5a. Dashed curves in
Figure 5a are calculated without taking into account correction
Δεsurf″ [see eq 6] because of collisions of electrons with the
nanoparticle boundary. Collisions decrease the height of the
plasmonic peak and broaden it, this effect being stronger for
smaller diameters of the sphere. For larger spherical nano-
particles, one can observe both electric dipole and quadrupole
resonant peaks as demonstrated in Figure 5b. Quadrupole
resonance exists on the left to the dipole resonance and prevails
over the dipole resonance for diameters of the nanoparticle
greater than approximately 60 nm.
Figure 6 shows correlation between the absorption σabs and

photoemission σphe cross-section spectra. σphe is predicted by
σabs for the short wavelengths but not for the long ones. The

most significant deviation in the absorption and photoemission
cross-section spectra occurs near the red boundary of the
photoemission (1551 nm, in our case).
In Figure 6, one can notice that the dipole peak observed in

the absorption cross-section spectrum for nanoparticles of
diameter 80 nm disappears in the PCS spectrum. Such a
discrepancy is explained by the strong wavelength dependence
of the IQE ηi, the proportionality coefficient between σphe and
σabs according to eq 8. ηi as a function of frequency is shown in
the inset of Figure 6. ηi shifts the peaks of the absorption cross
section to shorter wavelengths, and the shift is stronger close to
the red boundary of the photoemission.
It should be noted that the well-known6 law of the

absorption cross section as σabs ∝ D3 ceases to be satisfied
because of the significant radiation losses for gold nanospheres
embedded in the high-refractive index matrix (ne = 3.6 for
GaAs). Curve 1 in Figure 7 is calculated in the quasistatic
approximation [eq 5.13b in ref 6] and shows a linear
dependence of the normalized absorption cross section of the
sphere on its diameter at the electric dipole resonance peak.
Operation of taking the maximum over the wavelength in our
case does not significantly affects the dependence ∝D3, so the
value σ λ σ

λ
max( ( )/ )abs geom increases linearly with D. However,

taking into account the correction for radiation drastically
changes the situation (compare curve 1 with curves 2 and 3 in

Figure 5. Absorption cross-section spectrum of the sphere σabs normalized to its geometric cross section σgeom for various diameters D of the sphere
indicated near curves in nm. (a) Small nanoparticles. Plasmonic peaks with (solid curves) and without (dashed) electron collisions with the sphere
boundary. (b) Large nanoparticles. One can notice the electric dipole (long-wavelength) and quadrupole (short-wavelength) resonances. Here and
below, the graphs show the results for the gold nanoparticles and GaAs matrix.

Figure 6. Absorption (solid curve) and photoemission (dashed) cross-
section spectra for spheres of various diameters. Inset: IQE spectrum
for a sphere of 40 nm diameter.
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Figure 7), because radiation correction strongly (∝nmatr3)
depends on the refractive index of the matrix.9 With the
radiation correction the quantity σ λ σ

λ
max( ( )/ )abs geom takes the

maximum at some diameter D located in the region of several
tens of nanometers (about 25 nm for curve 3 in Figure 7). If
the collisions with the metal−semiconductor interface are not
taken into account, the optimal diameter moves to 20 nm (the
maximum of curve 2). As it is expected, both collision and
collisionless models approach each other for big particles, when
the electron collisions with the surface have a minor effect on
absorption. The optimal diameter for the photoemission is near
30 nm (curve 4). It is greater than that for the maximum of
absorption in conformity with the results of Figure 6:
photoemission peak is shifted, but the size parameter of the
sphere πD/λ defining the light scattering has the same value.
Faster decrease of the photoemission compared to the
absorption in Figure 7 is caused by ηi(λ). It also makes the
electric dipole peak to vanish in the photoemission spectrum
for D > 60 nm.
4.2. Truncated Cone. To characterize the shape of

truncated cone, we introduce the conicity parameter ζ = 1 −
R1/R2 (see the insert in Figure 8). The height and shape of the
plasmon peak depend on ζ. Figure 8 shows the evolution of
normalized absorption cross-section spectrum, when the
conicity parameter rises from 0 to 0.9 (the cylinder is
transformed to the cone). One observes that the absorption
peak is decreased and split into two peaks with increasing ζ.
Hence, the cylinder (ζ = 0) is the best for absorption. By the
analogy with the spherical nanoparticle, we can conclude that
the peak at the shorter (longer) frequencies corresponds to the
electric quadrupole (dipole) resonance. The red shift of the
resonances for bigger ζ can be understood as follows. At ζ = 0,
the whole volume Vc of the cylindrical nanoparticle is filled with
metal possessing permittivity εi = 1 − ωp

2/ω2, where ωp is the
plasma frequency. For ζ > 0, Vc is filled also with the dielectric
of matrix εe. Then, the effective permittivity of cylindrical
particle can be estimated as εeff = fεe + (1 − f)εi, where 0 ≤ f ≤
1 is the fill fraction of the dielectric in the volume of cylinder.
Using the condition of plasmonic resonance in cylinders εeff =

−1, we can estimate the resonant wavelength λr = (2πc/ωp)
2[1

+ (1 + fεe)/(1 − f)]. The less metal (the larger conicity
parameter), the higher resonant wavelength.
As well as for spheres, the collisions of photoelectrons with

the surface of the nanoparticle lead to the lower and broader
plasmonic resonances.
Figure 9 demonstrates that plasmon peaks in the absorption

σabs and photoemission σphe cross sections are quite close to

each other at smaller wavelengths and deviate from each other
for greater ζ and longer wavelengths. The quadrupole (i.e., the
shorter wavelength) peak in the photoemission spectrum in
Figure 9 for cones (ζ > 0) is stronger and, therefore, more
advantageous than the dipole one.

4.3. Cylinder. Here, we consider cylindrical nanoparticles
with equal diameter and height Dcyl = Hcyl and investigate the
effect of the linear nanoparticle size on the photoemission
efficiency (the cylinder corresponds to parameters R1 = R2 =
Dcyl/2 in the inset of Figure 8).
Maximum of the normalized absorption cross section is

reached at the cylinder diameter Dcyl near 30 nm. The increase
and decrease of σabs/σgeom are shown in Figure 10a,b,

Figure 7. Dependence of the normalized absorption and photo-
emission cross sections of the sphere on its diameter at the wavelength
of the maximum of dipole resonance. 1Absorption cross section
without taking into account both collisions of photoelectrons with the
nanoparticle boundary and radiation losses. The following curves take
into account radiation losses: 2absorption cross section without
collisions of photoelectrons with the nanoparticle boundary; 3 and 4
respectively, absorption and photoemission cross sections with
electron collisions taken into consideration.

Figure 8. Evolution of the spectrum of normalized absorption cross
section with increase of conicity parameter ζ of truncated cone (or
with decrease of smaller base radius R1) indicated near the curves.
Dashed curves for ζ = 0.9 and ζ = 0 are calculated without the
correction for collisions of photoelectrons with the nanoparticle
boundary. R2 = 20 nm; H = 40 nm.

Figure 9. Spectra of the normalized absorption and photoemission
cross sections for various shapes of truncated cone nanoparticles
determined by the conicity parameter ζ (smaller base radius) indicated
near the curves. Absorption and photoemission cross sections are
shown, respectively, by solid and dashed curves of the same color for
the same ζ. R2 = 20 nm; H = 40 nm.
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respectively. When the cylinder is small, the absorbed energy
scales as Dcyl

3 (the correction for radiation can be neglected in
this case), resulting in the linear dependence of the normalized
cross section as σabs/σgeom ∝ Dcyl

3/Dcyl
2 = Dcyl. In spite of the

small dimensions of the metallic nanoparticles, the permittivity
of metal turns to be great enough to excite the electric
quadrupole oscillations. This makes the electric dipole
approximation (Rayleigh approximation) inapplicable. The
field inside the nanoparticle becomes inhomogeneous for the
bigger cylinders and absorbed energy scales slower than Dcyl

2,
explaining the decrease of σabs/σgeom with Dcyl shown in Figure
10b.
As demonstrated in Figure 11, the peak values of the

absorption and photoemission cross sections are quite close to

each other for the small nanocylinders with diameters less than
20−30 nm. This means that the optimal for the photoemission
values of the cylinder size can be well-predicted using only the
absorption cross section. However, the absorption and
photoemission cross sections of bigger cylinders are quite
different because of two phenomena. The first one is the
decrease of the electron transmission coefficient (see eq 5)
through the nanoparticle−matrix interface, when Dcyl increases.
The second factor is related to the increase of the electron
mean free path for greater λr and, therefore, larger Dcyl. These
phenomena all together decrease the probability of photo-
electrons to escape the nanoparticle in accordance with eq 4
and, hence, strongly reduce the PCS at larger Dcyl as shown in
Figure 11.

5. CONCLUSIONS

We have developed the theoretical model and computational
tool for calculation of the bulk PCS into the semiconductor
matrix. It has allowed us to optimize the PCS for spheroidal,
cylindrical, and truncated-cone gold nanoparticles. The model
takes into account several features that cannot be neglected for
adequate computation of the bulk photoemission, namely the
jump of the photoelectron effective mass at the nanoparticle−
matrix interface, cooling of the hot photoelectrons due to
electron−electron collisions, and modification of the dielectric
constant of the nanoparticle metal owing to the collisions of
photoelectrons with the nanoparticle boundary. These three
effects explain magnitude of the photoemission and optimized
values of the nanoparticle geometrical parameters.
Dependencies of the IQE of photoemission on the aspect

ratio of semiaxes of spheroidal nanoparticles have been
calculated for different values of the model parameters (jump
of the effective mass and cooling length). It has been shown
that the maximum of the IQE for the spheroidal shape is
reached in the case of the sphere. Maximum of the PCS of the
sphere is achieved at the dipole localized plasmon resonance
peak for the diameter around 30 nm. For the bigger
nanoparticles, the quadrupole resonances dominate, while the
dipolar photoemission peak vanishes, being shifted to the
longer wavelengths. We have revealed that the maximum of the
PCS for a truncated cone nanoparticle corresponds to the
cylinder. The optimum size of the cylinder is Dcyl = Hcyl ≈ 25
nm.
Electron−electron scattering processes explain the peculiar-

ities in dependencies of the absorption and photoemission
cross sections on the size of the nanoparticle. In particular, a
correlation between the spectrum of absorption and photo-
emission cross sections has been shown for all three shapes of
nanoparticles considered. This correlation deteriorates as the
plasmon peak approaches the red boundary of the photo-
emission owing to decrease of the photoemission probability.
The plasmon resonance peaks of the absorption and photo-
emission cross sections are close to each other. This paves new
ways for optimization of the PCS by means of the optimization
of absorption cross section, what is less computationally
demanding.
As a future work, a comparison between the surface and

volume (bulk) photoemission from nanoparticles of various
shapes can be carried out using the similar theoretical and
numerical procedures.

Figure 10. (a) Increase and (b) decrease of the maximum value of the nanocylinder absorption cross section vs its linear dimension Dcyl = Hcyl.

Figure 11. Dependence of the maximum values of normalized
absorption and photoemission cross sections on cylinder’s diameter
Dcyl (Dcyl = Hcyl).
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